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Introduction {#sec0005}
============

The evolution of neurons and the nervous system is one of the remaining great mysteries of animal evolution. Recent studies have addressed different aspects of nervous system evolution, from its very origins in ancestral metazoans to the acquisition of its most complex forms in extant bilaterian animals \[[@bib0005], [@bib0010], [@bib0015]\] ([Figure 1](#fig0005){ref-type="fig"}). One of the most exciting questions is when and in what form **the first neuron** emerged, with choanocyte-like or mesenchymal protrusive cells representing possible variants ([Figure 1](#fig0005){ref-type="fig"}a). Relating to this is the question whether neurons evolved only once or have different evolutionary origins --- as suggested for example by the major differences in transmitter usage, synapse architecture and neuronal morphology observed in ctenophore, cnidarian and bilaterian nervous systems \[[@bib0020]\]. Independent of this, it is increasingly clear that the first manifestation of a nervous system was in the form of a **nerve net** ([Figure 1](#fig0005){ref-type="fig"}b). Composed of distributed neurons with neurites in a mesh-like arrangement that cover large parts of the body, nerve nets are found in today's ctenophores and in cnidarians \[[@bib0025], [@bib0030], [@bib0035],[@bib0040]\]. Comparative neurodevelopmental studies indicate homology of nerve net neurons with those of bilaterian centralized nervous systems \[[@bib0010],[@bib0045]\], and the expression of transcription factors of the NK homeodomain family involved in neuroectodermal mediolateral patterning, such as *Nkx2*, *Nkx6*, *Msx*, and *Dlx*, in the cnidarian nerve net indicates that distinct subsets of nerve net neurons were incorporated into distinct parts of the centralized and peripheral systems in bilaterian evolution \[[@bib0050]\] ([Figure 1](#fig0005){ref-type="fig"}c).Figure 1From neural precursors to nerve net to nerve cords: evolution of the nervous system. The first neural cell types may have resembled choanocyte-like cells, reminiscent of unicellular choanoflagellates --- polarized cells with an apical cilium surrounded by an apical microvillar collar, as frequently observed in today's sensory neuronal morphologies \[[@bib0020]\]. Another candidate precursor are mesenchymal cells with cellular protrusions, resembling today's interneuron and motoneuron morphologies. The nerve net is depicted as described for cnidarians, and the centralized nervous system is drawn to represent a prototype vertebrate system.Figure 1

These hypotheses come with clear predictions of how neuronal cell types originated and diversified. For example, the hypothesis of multiple (convergent) origins of neurons predicts that neurons will not form a single, united family in the animal cell type tree, but rather belong to distinct families \[[@bib0055]\]. Likewise, the nerve net hypothesis predicts that neuronal cell types in distinct parts of the bilaterian central nervous system should relate to different elements of the nerve net still found in cnidarians and ctenophores \[[@bib0060]\]. In recent years, the promises of single-cell transcriptomics have raised expectations that the evolution of neurons, neuronal types, and, ultimately, nervous systems may be solvable by a comparative approach, via the *in toto* molecular characterization of cell types in a broad range of animals. In this review, we will discuss recent progress in methodology and some case studies illustrating this new approach. While most studies have focused on neuronal cell types in mammalian systems \[[@bib0065], [@bib0070], [@bib0075], [@bib0080], [@bib0085],[@bib0090],[@bib0095]\], others have pioneered cell type comparison in other vertebrates \[[@bib0100]\], chordates \[[@bib0105]\], other bilaterians \[[@bib0110],[@bib0115],[@bib0120],[@bib0125],[@bib0130]\], and several lower metazoans \[[@bib0135],[@bib0140]\].

Pivotal to testing these hypotheses is resolving what a cell type actually is. That is, what are we to identify and compare with single cell data and why? The comparison of neuronal types requires a definition of cell types that enables recognizing and comparing cell types across species and phyla. Reviewing previous efforts to conceptualize cell types in an evolutionary framework, we present an operational definition of cell types that prioritizes shared transcriptional regulatory machinery over shared functional effector genes. This is useful for detecting homologous neuronal types that have evolved phenotypic differences and also sheds light on the distinction between cell type and state. Next, we discuss how diversification of cell type regulatory mechanisms has produced hierarchical cell type families in modern animals. Using GABAergic neurons as example, we show how related neuron types can be detected from the comparison of single-cell transcriptomes. Finally, we will focus on the evolution of novelty in structure and function, with the synapse as prime example. Ultimately, new comparative single-cell datasets may enable us to pinpoint all major diversification events that occurred in the evolution of neuronal types, and how they contributed to the step-wise emergence of neural characteristics that led to the diversity of nervous systems that exist today.

Phenotypic classifications of neuronal types {#sec0010}
============================================

Conventional classification schemes for neuronal cell types were principally focused on structure and function; that is, neuronal morphology and physiology. Most prominently, Ramón y Cajal classified neurons according to morphological criteria \[[@bib0145]\], and various physiological and structural parameters gained from recordings, pharmacology, imaging approaches, and extensive molecular parts lists have meanwhile added to such classifications, focusing for example on mammalian retina and cortex (reviewed in Refs. \[[@bib0150],[@bib0155]\]). More recently, Zeng and Sanes have suggested that a neuronal cell type is "a population of neurons with properties that are homogeneous within the population but differ from those of other neurons" \[[@bib0155]\]). However, while these approaches can provide useful classifications for neuron types within one organism, they are problematic for comparing across species. In particular, phenotypic definitions fail to distinguish two key types of evolutionary changes: the phenotypic alteration of the same cell type existing in two compared species and the origination of entirely new cell types.

An evolutionary definition of cell types {#sec0015}
========================================

To test hypotheses on neuronal origins and interrelationships, a general concept is needed of how cell types originate and evolve, and how they are related within and between species. To this end, considerable conceptual progress has been made in the past years by several authors, converging toward common solutions. Most importantly, an evolutionary definition of a cell type has emerged that allows identifying the same (homologous) cell type in different species regardless of its different morphological and physiological manifestations \[[@bib0100],[@bib0160], [@bib0165], [@bib0170], [@bib0175]\], and investigating the evolutionary emergence of new cell types.

To illustrate the value in considering evolutionary history, a view on the very beginnings of animal multicellularity is most helpful. Before cell types came into existence, the cells that constituted our unicellular ancestors used all information available in the genome, at least over their life time. At a given timepoint some genes were off and others only selectively used due to phenotypic plasticity, but the *overall accessible genomic information per cell* equaled the genome. Importantly, this changed in multicellular animals with the emergence of cell types. In an evolutionary process driven by division of labor and cellular specialization, animals started to partition their genomic information, so that different sets of cells had access to specific parts of the genome only, resulting in the stable expression of distinct expression programs. Mechanistically this required the evolution of new combinations of specifying transcription factors, or terminal selectors, \[[@bib0170]\] capable of mediating differential expression and implementing distinct cellular fates. In consequence, transcription factor families underwent major radiations in early metazoans \[[@bib0180],[@bib0185]\]. In extant animals, the small set of terminal selectors that direct cell type-specific expression are often found to physically interact, forming a 'core regulatory complex' \[[@bib0160]\], and are now widely recognized as key to *cellular, and in particular neuronal identity* \[[@bib0150],[@bib0160], [@bib0165], [@bib0170],[@bib0190]\].

The existence of a cell type-specific differentiation program is directly linked to a cell type's ability to evolve its expression program in a specific manner. With increasing evolutionary time, cell type terminal selectors can increase the number of genes under their control, resulting in an ever greater number of cell type-specific differences --- a process referred to as *genetic individuation* \[[@bib0160]\]. Concomitantly, expression of some effector genes will be lost, or gained anew, and coding sequences will evolve --- to the effect that cellular phenotypes can vary even while the terminal selector-driven, regulatory program remains constant \[[@bib0160],[@bib0195]\].

Here, we thus advocate an operational definition of a cell type as **'a set of cells accessing the same regulatory program driving differentiation'**. Following this definition, how do we recognize neural cells -- sensory neurons, interneurons, motor neurons -- that belong to the same type? Within a species, we would require that cells of the same type implement the same hard-wired differentiation program, using the same transcription factors, regulatory elements, microRNAs, and so on. For across species comparisons, although specific cis-regulatory elements may differ, homologous cell types will share a conserved set of specific terminal selectors. The advent of single-cell RNAseq has enabled us to efficiently and exhaustively detect the diversity of such programs within whole brain parts \[[@bib0065], [@bib0070], [@bib0075], [@bib0080], [@bib0085],[@bib0090],[@bib0095]\], and entire animals \[[@bib0100],[@bib0105],[@bib0110],[@bib0115],[@bib0120],[@bib0125],[@bib0130],[@bib0135],[@bib0140]\]. In particular, these studies deliver close-to-complete combinations of transcription factors in an unbiased manner, including factors unique to a given type, which should be a good proxy for the distinct regulatory programs governing cellular differentiation. Likewise, these studies have unraveled elaborate lists of effector genes unique for specific cell types, reflecting the output of these programs, and thus qualify for testing hypotheses on the evolution of neuronal types as outlined above.

Cell types versus cell states {#sec0020}
=============================

Complicating matters, however, some authors report continuous variation in expression for some genes within such defined types, with graded transcriptomic heterogeneity being present including transcription factors \[[@bib0200]\], highlighting difficulties in drawing the line between cell type and cell state. A more recent work has thus focused on the distinction of cell types versus cell states --- the latter representing the various manifestations of the same type found in actual single cell data. For example, Tasic and coauthors distinguish cell types and states based on reversibility: "states (e.g., circadian changes in transcription) are reversibly accessible to a cell, while a type is a region of a multidimensional space that encompasses the states and is constant within a certain time window" \[[@bib0165]\]. Likewise, Poulin *et al.* define cell state "by genes that are reversibly regulated by extracellular cues or transitory stimuli, ... in contrast to cell type" \[[@bib0150]\]. In line with this, continuous variation with graded transcriptomic and functional heterogeneity can be found within neuron types \[[@bib0200]\], and some neurons change through neuronal plasticity, which presents itself in a graded fashion. Both neuronal and non-neuronal types display activity-dependent transcriptional changes that differ at the cell type level \[[@bib0165]\].

The evolutionary process itself also plays a part in blurring the lines between cell state and cell type. In a particularly well-studied example, the origin of a novel type of fibroblast in the uterus of placental mammals was instigated initially by environmental variation (in this case pregnancy), followed by the evolution of a new regulatory complex that locked in its unique expression program \[[@bib0205]\]. These findings are consistent with a scenario that a hard-wired cell type-specific differentiation program establishes a multidimensional space of possible cell states, with which cells of a given type respond to the environment, and which may serve in the future as fuel for further cell type diversification. Consequently, the cellular heterogeneity apparent from single-cell profiling is a combination of discrete and continuous variation, and represents both cell types and states \[[@bib0165]\]. Understanding the extent to which a regulatory program can vary transiently, and the types of variation that can be environmentally induced in cells expressing the same combination of terminal selectors, is a key challenge for future comparative single-cell studies. As a practical matter, we suggest that *bona fide* cell types should be distinguished by their capability to sustain expression autonomously, without reliance on constant external or environmental input to maintain their distinct state.

Cell type families {#sec0025}
==================

A key observation about cell types is that they are not equally dissimilar from each other, but rather form a transcriptional hierarchy within the organism \[[@bib0210]\]. For the nervous system, the hierarchical nature of cell type classifications has been emphasized by Tasic \[[@bib0165]\] and Zeng and Sanes \[[@bib0155]\]. The prevalence of hierarchical organization among cell type transcriptomes is perhaps surprising. For instance, why should variation across cell types be an inter-nested hierarchy when the underlying regulatory interactions that drive development and differentiation often form complex networks? We have proposed that this hierarchy of cell type expression programs results from an evolutionary diversification process in which the evolution of two distinct, hard-wired regulatory programs arise from a single precursor program \[[@bib0175]\]. The expected result of this sequential splitting of cell type expression programs is the formation of a 'cell type family' that is composed of evolutionarily related cell types, each of which expresses cell type-specific genes alongside gene expression shared due to their origin from a common ancestral cell type \[[@bib0110]\].

If the diversification of cell types has indeed occurred in a hierarchical manner in animal evolution, the fascinating hypothesis emerges that cell type families should be shared between animal groups; and the most ancient and biggest cell type families should be shared between all animals, provided that the respective split of regulatory programs predated the last common metazoan ancestor. In a hypothetical scheme, [Figure 2](#fig0010){ref-type="fig"} illustrates the progressive diversification of cell types in the lines of evolution leading to extant animal phyla. In this scheme, the earliest diversifications (blue lines) predated the last common metazoan ancestor, leading to cell type families that should be shared between all animals. Other diversifications predated the cnidarian-bilaterian ancestor (red lines), producing additional cell type families that should be shared between cnidarians and bilaterians, and so on. Importantly, this scheme predicts that at the higher family level, evolutionary cell type trees of different species should be largely congruent, even at the phylum level. That means, one could use the cell type family tree of one group to validate that of others, until finally a consensus picture of cell type evolution in animals will emerge.Figure 2Hypothetical scheme illustrating cell type diversification in animal evolution. For each tree, the cell type branching events that had already occurred in a given ancestor are drawn in the color of that ancestor. Older cell type families are shared between remote phyla, whereas younger families are phylum-specific, or specific to smaller taxonomic units. The birth of the first neuron is indicated by a black box and the family of neurons demarcated by brackets, the (hypothetical) emergence of a second, neuron-like cell type family in stem bilaterians by grey box and brackets. For simplicity, other possible modes of cell type evolution such as fusion are not represented here.Figure 2

Branching events in the cell type tree represent the birth of sister cell types, accompanied by cellular innovations (gains, modifications, or losses of structure/function, see below) that make them distinct. For example, we can map the birth of the first neuron onto such a hypothetical tree --- which later diversified into a family of neuron types that exists in cnidarians and bilaterians (black box and brackets in [Figure 2](#fig0010){ref-type="fig"}). This family might comprise, for example, the interneurons and motor neurons of the bilaterian trunk. Our hypothetical tree also illustrates that, at least in most cases, individual neuronal cell types should often be species-specific and unlikely to be specifically shared between two compared species. True 1:1 homologies of cell types will only apply if no further diversification events have occurred since the species split. In most cases, homology will be apparent at the family level (colored lines in the figure). This has practical implications for comparative datasets, as comparisons between species must be made not only at the level of individual cell types, but among all levels of the cell type hierarchy.

Building evolutionary cell type trees {#sec0030}
=====================================

The construction and interpretation of evolutionary cell type trees has received growing attention \[[@bib0210], [@bib0215], [@bib0220], [@bib0225]\]. Taking into account these studies, there are several important points to consider when building cell type trees from single-cell data. First, tree reconstruction should be performed on metacells, rather than on individual cell transcriptomes. The use of metacells, representing small sets of highly similar individual cells, reduces the noise inherent in sparse single-cell data, and helps alleviate problems with tree reconstruction that would occur with very large datasets. Second, tree construction programs should be used that explicitly model the evolution process or which minimize artifacts, such as maximum likelihood or parsimony-based methods for qualitative expression data, or the neighbor-joining method for quantitative expression data. These methods can and should be used with tools such as bootstrapping, to determine statistical support for cell type clades. Third, clusters that do not represent differentiated cell types, such as transitional multipotent progenitor states, should be excluded to ensure that tree-building relies on evolutionary and not on developmental signal \[[@bib0230]\]. Mixing developmental states into hierarchical clustering can cloud evolutionary relationships inferred between differentiation programs. On the one hand, the same developmental precursor can give rise to evolutionarily distinct cell types, as observed in the retina \[[@bib0160]\]. On the other hand, cell types that are evolutionarily closely related (as shown by overall similarity of expression and transcriptional regulators), often arise from distant developmental precursors. This is observed for example for vertebrate osteocytes, arising from the ectodermal neural crest or from the mesodermal lineage --- as well as for the vertebrate retina \[[@bib0160]\]. Fourth, beyond development, other non-evolutionary components also shape the expression profile of cell types and likewise generate conflicting clustering. For example, cellular states such as stress response may preferentially occur in some cells and not in others; conflicting signal may also arise from shared organ-specific adaptations; or from the co-option of effector gene cassettes by otherwise unrelated cell types. Approaches designed to dissect expression variation into distinct components, such as independent component analysis and weighted correlation network analysis, are valuable for identifying both hierarchical and non-hierarchical expression. Finally, it can be preferable to limit tree building to the differential expression of transcription factors, as best proxy for the 'regulatory program driving differentiation' that underlies the evolutionary individuation of cell types (see above).

Illustrating the concept of tree building and cell type families, the multitude of neural cell types identified for cortex, striatum and hypothalamus have been found to assemble into superclusters \[[@bib0065], [@bib0070], [@bib0075],[@bib0095],[@bib0235]\]. Importantly, and in line with the above evolutionary definition of cell types, specific combinations of transcription factors characterize each of these candidate cell type families, and can be used for cross-comparison. One important example points to the families of GABAergic neurons detected both in telencephalic cortex \[[@bib0075],[@bib0095]\] and in diencephalic hypothalamus \[[@bib0070]\] ([Figure 3](#fig0015){ref-type="fig"}). These families specifically express the transcription factors *Dlx1,2,-5 and Arx* (as opposed to other types of GABAergic neurons specified by *Gata* and *Tal* transcription factors, which are found in the midbrain \[[@bib0240]\], hindbrain and spinal cord). Corroborating this, Zeisel *et al.* \[[@bib0090]\] examined and compared neuron types across the entire mouse nervous system, and validated the specific presence of *Dlx*+, *Arx+* GABAergic neuron type families in cortex, thalamus and hypothalamus. This work highlights the unique regulatory profile of *Dlx*+, *Arx+* GABAergic neurons compared to all other neurons, which also comprises *Lhx6* and *Six3* transcription factors \[[@bib0090]\]. The shared regulatory profile of GABAergic neurons in cortex and hypothalamus suggests that the common origin of these related families predated the evolutionary divergence of diencephalon and telencephalon in the vertebrate forebrain. In future work, this hypothesis can be tested via the construction of rigorous cell type trees following the guidelines above, limited for example to transcription factor expression.Figure 3GABA-ergic cell types express Dlx, Arx and Lhx6 transcription factors: **(a)** in the mouse cortex \[[@bib0075]\] and **(b)** in hypothalamus \[[@bib0070]\]. Red branches in the cell type trees indicate GABAergic neurons; blue branches indicate glutamatergic neurons. Transcription factor expression in the hypothalamus has been plotted by us according to Supplementary Table 6 in Ref. \[[@bib0070]\].Figure 3

Importantly, to uncover truly specific combinations of cell type- or family gene expression, and to build comprehensive cell type trees, it is necessary to sequence and compare cells for entire specimens --- referred to as **whole-body scRNA-seq**. We and others have pioneered whole-body scRNA-seq, for L2 larval nematode \[[@bib0125]\], 2dpf *Platynereis* larvae \[[@bib0110]\], the sea anemone *Nematostella* \[[@bib0140]\] and other basal metazoans \[[@bib0135]\], and the planarian *Schmidtea* \[[@bib0115],[@bib0120]\]. Only in the whole-body context can cell type and cell type family-specific combinations of transcription factors and effectors be comprehensively determined, and trees be built and compared as schematized in [Figure 2](#fig0010){ref-type="fig"}. With the current state-of-the-art single-cell technology, this is currently possible for various smaller invertebrates, but remains a challenge for insects and, in particular, vertebrates, in which cells count in millions or billions at differentiation stages \[[@bib0245]\].

Famous apomeres: nematocysts, opsins, and synapses {#sec0035}
==================================================

If it is not for primary classification --- what is the significance of cellular structure and function in the context of an evolutionary cell type definition? Here, an entirely new perspective emerges, which focuses on the *structural/functional innovation* characteristic for a given cell type. Once a new cell type comes into existence, its new and unique regulatory program will support the differential expression of cell type-specific genes. This will make it phenotypically distinct from other cell types, and, if advantageous, guarantee the cell type's evolutionary survival. In this process, the *de novo* acquisition and modification of existing cell type-specific effector genes is driving functional divergence. Such new cell type-specific modules, or new variants of modules, representing structural/functional innovation, have been termed **apomeres** (analogous to apomorphies at the species level) \[[@bib0160]\].

Apomeres can arise in manifold ways. New structure/function often emerges via the birth of new proteins, triggering neofunctionalization. For this, the evolution of the cnidocytes in cnidarians is a prime example, with thousands of novel proteins setting up the stinging organelle \[[@bib0250]\]. Cnidocytes might be sister to sensory cells, and their genetic individuation appears to have started with the birth of the paired-type homeodomain duplicate PaxA, and of Mef2 and Jun duplicates \[[@bib0140],[@bib0255],[@bib0260]\], as a part of their specific regulatory differentiation program. Not surprisingly, cnidocytes appear genetically highly individuated when compared to other cell types \[[@bib0140]\]. The invention of the light-sensitive opsin, by covalently linking the retinal chromophore to the protein through a Schiff base, represents another striking innovation that occurred in basal Metazoa \[[@bib0265]\]. In this case, the Schiff base transformed a pre-existing G-protein-coupled retinal receptor into the first opsin, enabling novel functionality. Interestingly, however, the cell type that first benefitted from this apomere has not yet been identified -- but single-cell transcriptome data for placozoans -- a basal metazoan group that possesses the pre-existing G-protein-coupled retinal receptor but no *bona fide* opsin --- may contribute to solving this issue \[[@bib0135]\].

Another important apomere for nervous system evolution is the occurrence of the first synapse. This event must have been tightly linked to the evolution of the first neuron \[[@bib0055],[@bib0160]\]; yet, so far remains entirely enigmatic. Neither is it clear *what exactly* the innovation was, nor *in what cell types* it initially took place and contributed to their individuation. From the data available, we can infer that most components of the presynapse and postsynapse predated metazoans and exist in sponges and placozoans devoid of nervous systems \[[@bib0005],[@bib0270]\]. Yet, sponges, unlike bilaterians, do not co-regulate synaptic gene expression \[[@bib0275]\], and synaptic proteins do not appear to interact with cell junction machinery \[[@bib0280]\], indicating that the synaptic apomere might have arisen by new combinations of effector genes that were not co-expressed before. Again, in depth single-cell transciptomics of sponges and placozoans should enable us to identify the cell types expressing presynaptic and/or postsynaptic proteins, and subsequent subcellular localization of specifically expressed, presynaptic and postsynaptic proteins may reveal synapse-like organelles in candidate protoneurons.

Taken together, the quest for apomeres, or cell type-specific innovation, has only just begun, and represents one of the most exciting follow-ups now possible with the manifold comparative single-cell transcriptome datasets. Several remarks appear warranted. First, whole-body single-cell sequencing, as explained above, besides its benefits for detecting cell type-specific regulatory programs, is also pivotal for identifying apomeres, as effector genes are compared across entire bodies and their specificity more easily detectable. Second, there is an urgent need to establish cellular localization protocols for these species, via antibodies or via tagged proteins. In combination with mass spectroscopy, this will allow investigating the assembly of cell-type specific proteins into macromolecular complexes, their subcellular localization within complexes, and function. Third, there are cases where much of the cellular innovation will involve *loss* rather than gain of structure/function, triggering division of labor, or subfunctionalization, across sister cell types \[[@bib0175]\]. Division of labor must be prevalent, as indicated by the surprisingly rich protein repertoire of choanoflagellates, our unicellular cousins, that is shared with Metazoa \[[@bib0285]\].

Conclusions {#sec0040}
===========

To unravel the *real, historic tree of neuronal types*, we require comparative data that must be informative about (1) the distinct complements of cell types in today's animal phyla; (2) how they assemble into cell type families and how these families are interrelated; (3) the regulatory changes underlying the birth of new sister cell types; and (4), the cellular innovations characteristic for diversifying cell type families. Comparative single-cell sequencing data, in conjunction with experimental validation via functional genetics and imaging approaches, satisfy these demands and will open up a new understanding of nervous system evolution. For selected families, family composition and key innovations have already been partially established, for example, for cnidocytes or for ciliary photoreceptors, which first required integrating ciliary opsin with guanylyl cyclase-based signaling in the ciliary membrane \[[@bib0290]\]. However, the functional and regulatory innovations for the first and most subsequently diverging neuron type families remain obscure. While it is plausible that the synapse was a key innovation in the first neurons, it is not clear in which cells it first evolved, what components were initially necessary, and in what order other presynaptic or postsynaptic components such as transmitter-synthesizing enzymes, receptors, or matrix molecules were added in the bilaterian lineage. The key to resolving these debates requires a clear definition of cell types that distinguishes phenotypic evolution from the origination of new cell types. Only with this in hand can the centralization, cell type diversification, and other key innovations, of animal nervous systems be fully understood.
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